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1  
Abstract—This paper presents a reduced-order 

generalized proportional-integral observer (RGPIO) based 
resonant super-twisting sliding mode controller (RST-SMC) 
for the three-phase AC/DC converters. On the contrary to 
utilizing the proportional-integral (PI) controller in 
regulating the DC-link voltage, which may cause large 
undershoot/overshoot under the disturbance, the proposed 
voltage control strategy for the DC-link has high 
disturbance rejection ability and the settling time has been 
greatly reduced. In addition, the proposed RST-SMC in the 
current control loop not only preserve the merits of the 
sliding mode controller but also achieve the current 
tracking without steady-state error in the stationary ࢻ −  ࢼ
frame. The effectiveness of the proposed method has been 
verified by a lab-constructed experimental prototype.  
 

Index Terms—Disturbance Rejection; Reduced-order 
generalized proportional-integral observer; Sliding mode 
control; Three-phase converter; 

I. INTRODUCTION 

ast few years have witnessed the wide implementation of 
the grid-connected converters in various industrial areas, 

such as the front stage of on-line uninterruptible power supply 
(UPS) system, hybrid AC/DC microgrid, railway electrification 
systems, etc. [1-5]. In order to achieve stable and efficient 
operation of the three-phase grid-connected converter, various 
control strategies have been applied in this system [6, 7]. 
Typically, an outer voltage loop and an inner current loop are 
constructed in the control system, and the linear regulators, such 
as PI controllers, are adopted in the voltage and current loop 
control system [6]. However, the main disadvantage of this 
approach is that the system’s performance is limited by the PI 
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parameters, which cause the dynamic response under 
disturbance to be quite slow. A faster response can be improved 
by applying a deadbeat control strategy, but it is well known to 
be highly sensitive to parameter uncertainty. Alternatively, 
several nonlinear control strategies have been proposed for the 
AC/DC converter, such as passivity-based control strategy [8], 
model predictive control [9]， and sliding mode control (SMC) 
[10-12]. Among these control strategies, the SMC has attracted 
great attention due to its fast dynamic response, high robustness 
against uncertainties and satisfactory performance in a wide 
range of operating conditions [13, 14]. In recent years, different 
SMC strategies have been proposed for grid-connected power 
converters. Among these strategies, integral SMC and 
equivalent control are two popular examples of such methods 
[15-17]. In [18, 19], the hysteresis modulation based SMC 
control strategy for the LCL type converter are proposed. In 
[20] a model predictive based sliding mode control is proposed 
for the AC/DC converters. These methods, however, suffer 
from the chattering issue, which causes high-order harmonics 
in the converter output current [21]. In order to suppress the 
chattering issue and regulate the AC signal, reference, [22] 
proposed a multi-resonant sliding surface (MRSS) based 
control strategy to suppress the current reference tracking error. 
However, this SMC comprises of multiple sliding surfaces, 
which is too complicated to be implemented. Besides, the large 
computation of MRSS inevitably impedes the application in 
low-cost controllers.  

To deal with the aforementioned chattering issue and reduce 
the computation burden, the application of the super-twisting 
theory in SMC design has been proposed recently. The super-
twisting SMC enjoys all the merits of the SMC without being 
affected by the chattering issue [23-27]. Traditional super-
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twisting SMC, nevertheless, can only regulate the current in the 
d-q frame [12, 28, 29], which means this method cannot 
guarantee a zero steady-state error tracking in ߙ −  , frame ߚ
hence, an enhanced ST-SMC needs to be investigated to realize 
the ST-SMC to be working in tracking the AC signal while 
preserving the merits of ST-SMC. In addition, in the previous 
works, the PI controllers are normally adopted for controlling 
the DC-link capacitor’s voltage of the three-phase AC/DC 
converter. However, the PI parameters can hardly be tuned 
automatically under the load disturbances. In order to enhance 
the dynamic response of the DC-link voltage under the various 
disturbances, a DC-link current sensor is installed, and the 
feedforward control strategy has been added to the DC-link 
control [30]. However, this method may not be desirable from 
the reliability point of view, and the uncertainty of the system 
can not be measured with this method. To deal with this issue, 
several advanced control strategies have been designed to 
improve the DC-link dynamics with the sensor-less control 
structure. In [31], a nonlinear disturbance observer is proposed. 
It shows good performance at the expense of complicated 
analysis and tuning of the parameter. In [32, 33], a set of H-
infinity controller and an adaptive control strategy are adopted 
for the DC-link voltage and current loops, the simulation results 
show good dynamic performance. In [34], a singular-value 
synthesis control strategy is proposed for the DC-link voltage 
regulation. However, the design guide is based on the worst 
scenario, which may degrade the controller’s performance at 
the normal working condition. Recently, an enhanced state 
observer (ESO) has been proposed to actively compensate for 
the disturbance and the system’s uncertainty. However, the 
ESO is only applicable for the constant or slow varying 
disturbance estimation [35]. Unlike ESO, the GPIO can 
estimate various disturbances if these disturbances can be 
described in time-dependent terms，and it has been successfully 
applied in the DC-DC converter control and motor drive [36, 
37]. In [37], the optimized GPIO is designed to estimate the 
disturbance and system uncertainties for the DC-DC circuit. [38, 
39] propose the current predictive control with augmented 
GPIO to suppress the ripple in permanent magnet linear 

synchronous machine. In addition, the backstepping control 
combined with the GPIO has been proposed for the diesel 
engine to improve the dynamic performance and disturbance 
rejection ability [40]. But this method has not been applied in 
the DC-link voltage disturbance rejection in the three-phase 
AC/DC converter. 

In this paper, aiming to improve the system performance with 
outer voltage loop under load disturbances and the parameter 
uncertainty, and also to achieve the fast and robust inner current 
loop regulation, a reduced-order GPIO (RGPIO) based resonant 
ST-SMC (RST-SMC) method is developed. Specifically, the 
proposed controller has a cascaded structure that consists of two 
control loops. The outer loop adopts an RGPIO based 
proportional control to regulate the DC-link voltage, while the 
inner loop adopts an RST-SMC controller to regulate the 
converter’s current. The contribution of this paper is 
summarized as follows: 

First, for the outer DC-link voltage regulation loop, the load 
connection/disconnection causes the disturbance, which may 
affect the system’s dynamic performance. In addition, the load 
change may cause system parameter variation. In order to 
conquer these issues, an RGPIO is proposed to actively estimate 
and cancel the disturbance and parameter uncertainty in real-
time. In addition, a proportional DC-link voltage regulator is 
able to achieve voltage reference tracking without steady-state 
error by incorporating RGPIO.  

Second, an RST-SMC strategy is proposed for the inner loop 
current regulation. With the proposed control strategy, the zero 
steady-state current tracking capability is ensured, and a fast 
dynamic response is achieved in the ߙ −  ,frame. Moreover ߚ
the proposed controller also offers a high disturbance rejection 
capability, which leads to a low THD current. 

Finally, the proposed control strategies are verified with 
experimental tests, which demonstrate good dynamic 
performance and a wide robustness range with load disturbance. 

This paper is unfolded as follows: Section II outlines the 
system configuration and modeling of the three-phase AC/DC 
converter. The RGPIO based DC-link voltage control strategy 
is designed and discussed in Section III. The RST-SMC based 

 
 

Fig.1. Configuration of a grid-connected power converter 
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inner loop control strategy is presented in Section IV. The 
simulation results are provided in Section V. The experimental 
comparative results are illustrated in Section VI. Finally, the 
conclusions are drawn in Section VII. 

II. MODELING OF THE AC/DC CONVERTER 

A typical grid-connected power converter system is shown in 
Fig.1, where a three-phase AC/DC converter is adopted as the 
interface between the grid and the load. As is shown in Fig.1, 
the L-type filter is adopted as the output filter of the converter, 
r is the parasitic resistance of the filter, ஽ܸ஼  is the DC-link 
voltage. ௧ܸ is the output voltage of the inverter, ௚ܸ is the grid 
voltage at Point of Common Coupling (PCC). By assuming a 
balanced grid voltage, the system model in ߙ − ߚ  reference 
frame is expressed as： ܮ ௗ௜ഀ(௧)ௗ௧ + (ݐ)ఈ݅ݎ = ௚ܸఈ(ݐ) − ௧ܸఈ(ݐ)               (1a) ܮ ௗ௜ഁ(௧)ௗ௧ + (ݐ)ఉ݅ݎ = ௚ܸఉ(ݐ) − ௧ܸఉ(ݐ)               (1b) 

where ௚ܸఈ  and ௚ܸఉ  indicate the grid voltage in the ߙ −  ߚ
reference frame, ௧ܸఈ  and ௧ܸఉ  are the output voltage of the 
converter, ݅ఈ  and ݅ఉ  are the output current in the ߙ −  ߚ
reference frame, respectively.  

The DC-link voltage controller is responsible for keeping the 
DC-link voltage to be constant by balancing the injected power 
and the output active power of the DC-link. Hence, the power 
balance across the DC-link capacitors in Fig.1 is expressed as: ௗௗ௧ ܥ0.5) ஽ܸ஼ଶ ) = ஽ܲ஼ − ௘ܲ௫௧ − ௟ܲ௢௦௦ = ௧ܲ− ௘ܲ௫௧ − ௟ܲ௢௦௦     (2) 

where ஽ܸ஼  is the DC link voltage, ܥ  is the DC link 
capacitance,	 ஽ܲ஼ = ஽ܸ஼ܫ஽஼ , which is equal to the rectifier ac-
side terminal power ௧ܲ, ௘ܲ௫௧  is the external power that flows out 
of the DC capacitor.	 ௟ܲ௢௦௦  is the power loss in the converter 

circuit and expressed as: ௟ܲ௢௦௦ = ௏ವ಴మோ೛  , ܴ௣  represent the total 

switching loss of the system. Eq.(2) stands for the instantaneous 
power balance between the dc side and the ac side of the three-
phase AC/DC converter, on the left side of the Eq.(2), 
meanwhile, in the right side of (2). By neglecting the 
instantaneous power of the AC side filter, the AC side terminal 
power ௧ܲ  is equal to the grid side power ௦ܲ . Therefore, by 
considering this fact, (1) can be expressed as:  

 
ௗௗ௧ ܥ0.5) ஽ܸ஼ଶ ) = ௦ܲ − ௘ܲ௫௧ − ௏ವ಴మோ೛                                 (3) 

III. THE OUTER LOOP RGPIO BASED DC-LINK VOLTAGE 
CONTROLLER DESIGN 

A. The design of RGPIO 
In this section, A RGPIO is designed for observing and 

actively canceling the lumped disturbance caused by the 
external disturbance and internal system parameter variation.  

By taking the Laplace transfer function of both sides of (3), 
The expression can be derived as:  ஽ܸ஼ଶ (ݏ) = ଶோ೛஼ோ೛௦ାଶ ௦ܲ(ݏ) − ଶோ೛஼ோ೛௦ାଶ ௘ܲ௫௧(ݏ)                    (4) 

where ஽ܸ஼ଶ  and ௦ܲ  are the system state and control input, 
respectively, and ௘ܲ௫௧(ݏ) is the system’s disturbance input. 

By re-arranging (2), the following expression is derived as: ௗௗ௧ ஽ܸ஼ଶ = ଶ஼ ௦ܲ − ଶ஼ ൬ ௘ܲ௫௧ + ௏ವ಴మோ೛ ൰ = ଶ஼ ௦ܲ + ௧݂௢௧௔௟            (5) 

where ௧݂௢௧௔௟  denotes the lumped disturbance, including the 

external disturbance (− ଶ஼ ௘ܲ௫௧) and the capacitance uncertainty 

(− ଶ஼ ௏ವ಴మோ೛ ) and other unmodeled disturbance, such as EMI of the 

DC-link capacitance. It should be noted that these disturbances 
cannot be directly observed by the traditional PI controller or 
the Luenberger observer; on the contrary, in the following, 
these disturbances will be modeled by the proposed RGPIO.  

In the full-order GPIO design, the state space modeling of the 
DC-link is expressed as: ൥ݔሶଵݔሶଶݔሶଷ൩ = ൥0 1 00 0 10 0 0൩ ൥ݔଵݔଶݔଷ൩ + ൥ܾ଴00 ൩ ݑ + ൥001൩ ℎ                (6) 

where ݔଵ = ஽ܸ஼ଶ ଶݔ , = ௧݂௢௧௔௟ = − ଶ஼ ( ௘ܲ௫௧ + ௏ವ಴మோ೛ ), ଷݔ  = ݂ሶ௧௢௧௔௟ ݑ , = ௦ܲ, ܾ଴ = ଶ஼, ℎ = ௗ௫యௗ௧  

In order to enhance the estimation precision and also enable 
easier practical implementation, a new RGPIO is constructed 
for the DC-link voltage control. As shown in Fig.2, the control 
structure includes the outer loop and inner loop control strategy. 
In order to avoid the dynamic interaction between the outer loop 
DC-link voltage control and inner loop current control, the 
dynamic response of the current loop is usually assumed to be 

 
Fig.2. Reduced-order GPIO based block diagram of the dual-loop control structure for the three-phase AC/DC converter 
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much faster than that of voltage loop [41], which implies that 
the dynamic of the current loop can be neglected when 
designing the DC-link voltage control loop. 

By re-writing (6), the following equations are derived as: ൤ݔሶଶݔሶଷ൨ = ቂ0 10 0ቃ ቂݔଶݔଷቃ + ቂ01ቃ ℎ                             (7) ݔሶଵ − ܾ଴ݑ =  ଶ                                      (8)ݔ

Therefore, the RGPIO is designed as: ൤ݖሶଶݖሶଷ൨ = ቂ0 10 0ቃ ቂݖଶݖଷቃ − ൤݇ଵ 0݇ଶ 0൨ ቂݖଶݖଷቃ + ൤݇ଵݔሶଵ݇ଶݔሶଵ൨ − ൤݇ଵܾ଴݇ݑଶܾ଴ݑ൨  (9) 

where ൤݇ଵ݇ଶ൨ are the reduced-order GPIO gain, ݖଶ and	ݖଷ are the 

estimated value of ݔଶ and ݔଷ.. In Eq.(9), the variable ݔሶଵ cannot 

be directly measured, hence, by manipulating ൤݇ଵݔሶଵ݇ଶݔሶଵ൨ into the 

left hand of the equation, meanwhile, by adding and subtracting 

the term ൤−݇ଵ 1−݇ଶ 0൨ ൤݇ଵݔଵ݇ଶݔଶ൨, the following observer equations 

are derived as: ൤ݖሶଶݖሶଷ൨ − ൤݇ଵݔሶଵ݇ଶݔሶଵ൨ = ൤−݇ଵ 1−݇ଶ 0൨ ൜ቂݖଶݖଷቃ − ൤݇ଵݔଵ݇ଶݔଵ൨ൠ − ൤݇ଵܾ଴݇ݑଶܾ଴ݑ൨ + ൤−݇ଵ 1−݇ଶ 0൨ ൤݇ଵݔଵ݇ଶݔଵ൨ 
(10) 

It is observed from (10) that signals ௧݂௢௧௔௟ and ݂ሶ௧௢௧௔௟ can be 
observed by the proposed RGPIO. However, ݂ሶ௧௢௧௔௟ can not be 
estimated by the ESO. It is true that RGPIO can estimate the 
derivative of the lumped disturbances, while the ESO based 
observer cannot achieve it. Meanwhile, the order of the 
presented RGPIO is only two. This reduced-order feature can 
reduce the computation burden to some extent.  

B. System Stability Analysis 
By subtracting (7) from (9), the error model of the proposed 

observer is obtained for stability analysis, the error equation is 
written as: ൤ ሶ݁ଵሶ݁ଶ൨ = ൤−݇ଵ 1−݇ଶ 0൨ᇣᇧᇧᇤᇧᇧᇥ஺೐ ቂ݁ଵ݁ଶቃ + ൤݇ଵݔሶଵ݇ଶݔሶଵ൨ − ൤ܾ଴ܾݑ଴ݑ൨                (11) 

From (11), it is observed that the system will be Hurwitz 
stable if both of the roots of the characteristic polynomial in the 
matrix ܣ௘,i.e λ(s) = sଶ + ݇ଵݏ + ݇ଶ                                (12) 

are in the left half-plane, in order to simplify the design process, 
it is assumed the poles of the observer are both located at −߱଴, 
and are expressed as: λ(s) = sଶ + ݇ଵݏ + ݇ଶ = ݏ) + ߱଴)ଶ                  (13) 

Therefore, ߚଵ = 2߱଴, ߚଶ = ߱଴ଶ. From (13) it is shown that 
the design of the parameter ݇ଵ  and ݇ଶ  is related to the 
bandwidth (߱଴ ) of RGPIO. Therefore, the key process is to 
select the appropriate bandwidth ߱଴ . According to [42], the 
observer’s bandwidth is normally selected to be 5-15 times 
larger than the DC link voltage controller’s bandwidth by 
considering the trade-off between the fast observation 
performance and noise sensitivity immunity. The DC-link 
voltage controller’s bandwidth is selected to be 20 rad/s, and 
the bandwidth of RGPIO is selected as 300 rad/s.  

C. Frequency Domain Analysis for the RGPIO 

By substituting ݖଶ − ݇ଵݔଵ = ଷݖ ଶ andߦ − ݇ଶݔଵ =  ଷ, (10) isߦ
expressed as: ቈߦሶଶߦሶଷ቉ = ൤−݇ଵ 1−݇ଶ 0൨ ൤ߦଶߦଷ൨ + ൤−݇ଵܾ଴ −݇ଵଶ + ݇ଶ−݇ଶܾ଴ −݇ଵ݇ଶ ൨ ቂ  ଵቃ     (14)ݔݑ

After replacing ݇ଵ = 2߱଴, ݇ଶ = ߱଴ଶ into (14), the RGPIO is 

constructed as: ቈߦሶଶߦሶଷ቉ = ൤−2߱଴ 1−߱଴ଶ 0൨ᇣᇧᇧᇤᇧᇧᇥ஺೥
൤ߦଶߦଷ൨ + ൤−2߱଴ܾ଴ −3߱଴ଶ−߱଴ଶܾ଴ −2߱଴ଷ൨ ቂ  ଵቃ    (15)ݔݑ

Eq.(15) can be converted into transfer functions by taking the 
following equation: ܩకమ_௨(ݏ) = కమ(௦)௨(௦) = − ௕బఠబమ(௦ାఠబ)మ − ଶ௕బఠబ௦(௦ାఠబ)మ																					(16) 	ܩకమೇವ಴మ (ݏ) = కమ(௦)௏ವ಴మ (௦) = − ଶఠబయ(௦ାఠబ)మ − ଷఠబమ௦(௦ାఠబ)మ              (17) 

 
Fig.3. The equivalent transfer function of RGPIO in the DC-link voltage 

control 
As ݖଶ − ݇ଵݔଵ = ଵݔ ଶ, andߦ = ஽ܸ஼ଶ , ݇ଵ = 2߱଴. Therefore, by 

combing (11) and (12) and substitute ݖଶ − ݇ଵݔଵ = ଶߦ , the 
transfer function of reduced-order GPIO is shown in Fig.3. The 
modified model from ݑ଴  to ஽ܸ஼ଶ (ݏ)  can be expressed as the 
transfer function G௣തതതത(ݏ): 
G௣തതതത(ݏ) = ஽ܸ஼ଶ ௢ݑ(ݏ) (ݏ) =

௣ܾ଴ܩ
1 − 1ቀ ଴ݏ߱ + 1ቁଶ − 2 ቀ ଴ቁቀݏ߱ ଴ݏ߱ + 1ቁଶ + ൬ܩ௣ܾ଴൰ ൬ݏ + ଴ଶ൰ቀݏ2߱ ଴ݏ߱ + 1ቁଶ

 

												(18) 
It is found from Eq.(18) that within the RGPIO’s bandwidth ߱଴, the system transfer function is simplified to be an integrator 

and shown as: 

  G௣തതതത(ݏ) ≈ ଵ௦                       ߱ ≪ ߱଴       (19) 

From (19), it is observed that by incorporating the RGPIO 
into the control strategy, the original plant is modified into an 
ideal integrator within the bandwidth of ߱଴ . It is noted that the 
modified plant returns to the original plant beyond the 
bandwidth of ߱଴. 

D. Evaluation of the system robustness against 
parameter variation 
The DC-link capacitance variation may have an influence on 

the system’s dynamic performance and stability. Therefore, the 
system’s closed-loop poles should be evaluated to examine the 
system’s robustness against the capacitance parameter’s 
variation. In the test, the nominal value of the DC-link 
capacitance is selected to be 1100μF, but due to the connection 
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of the battery or the UPS system in the DC link, the actual DC-
link capacitance may have variation from its nominal value. 
Hence, the poles’ location with the model G௣തതതത(ݏ) is evaluated 
when the actual capacitance changes from 1100μF to 3300μF. 
It is observed from Fig.4 that when the DC-link capacitance 
increases, the closed-loop poles tend to move to the imaginary 
axis, which makes the system more unstable. However, even 
the capacitance has changed to 3300μF, the dominant pole still 
has distance from the imaginary axis, which means the system 
can provide satisfactory robustness.  

 
Fig.4. Pole’s movement when the DC-link capacitance value change from 1100μF to 3300μF. 

E. DC-link Voltage Controller 
As is shown in the previous section, when the RGPIO is 

embedded in the DC-link voltage control, the plant has been 

changed to be an integrator ( G௣തതതത(ݏ) ≈ ଵ௦ ), which means a 

proportional controller can regulate the DC-link voltage 
without steady-state error. Therefore, by considering the 
approximated transfer function of the modified plant, the 
closed-loop transfer function of the DC-link voltage loop is 
expressed as: G௩_௖ ≈ ௞೛భೞଵା௞೛భೞ = ௞೛௞೛ା௦ = ଵଵା௦/௞೛              (20) 

From the above discussion, it is shown that the proposed  
RGPIO is responsible for canceling the lumped disturbance, 
and then a simple proportional controller is able to track the 
voltage reference without steady-state error.  

IV. THE INNER LOOP RST-SMC BASED CURRENT 
TRACKING DESIGN 

The goal of the inner control loop is to make sure that the 
inductor’s sinusoidal currents in the stationary frame	݅ఈ	and	݅ఉ  
track the reference currents ݅ఈ∗ 	and	݅ఉ∗ . The reference current is 
expressed as [30] : ݅ఈ∗ = ଶଷ ௏೒ഀ௏೒మഀ ା௏೒మഁ ௦ܲ_௥௘௙ + ଶଷ ௏೒ഁ௏೒మഀ ା௏೒మഁ ܳ௦_௥௘௙        (21) ݅ఉ∗ = ଶଷ ௏೒ഁ௏೒మഀ ା௏೒మഁ ௦ܲ_௥௘௙ − ଶଷ ௏೒ഀ௏೒మഀ ା௏೒మഁ ܳ௦_௥௘௙       (22) 

It is noted that the active power reference ( ௦ܲ_௥௘௙) is generated 
from the output of the DC-link voltage controller (see Fig.2), 
and the reactive power reference (ܳ௦_௥௘௙) is set to the desired 
value.  

A. Super-Twisting Control  
In order to achieve fast current tracking, the traditional SMC 

is usually applied as the inner loop controller. However, the 

main drawback of the traditional SMC is the chattering issue, 
which leads to the discontinuous high switching frequency. To 
overcome this issue, the ST-SMC has been proposed in [43]. 
ST-SMC is a second-order controller and the state’s trajectory 
in the state plane shifts in a spiral pattern and converges to the 
original state asymptotically in finite time. In general, consider 
a nonlinear controlled system 

ሶݔ = (ݔ)ܽ + ݕ (23)                      ݑ(ݔ)ܾ = ,ݐ)ߪ  (24)                                  (ݔ
where ݔ ∈ ℛ௡ is the stage vector, ݑ ∈ ℛ represent the control 
input, ߪ (t, x) is the sliding variable, ܽ(ݔ)	and	ܾ(ݔ)  are the 
smooth uncertain functions.  

In the ST-SMC, the control goal is to force ߪ  and its 
derivative ߪሶ  to zero. Hence, by differentiating the sliding 
variable ݐ)ߪ,  twice, the following expression can be derived (ݔ
as : ߪሷ = ℎ(ݐ, ,ݔ (ݑ + ,ݐ)݃ ,ݔ ሶݑ(ݑ                  (25) 
where ℎ(ݐ, ,ݔ ,ݐ)݃ and (ݑ ,ݔ  are bounded but unknown, there (ݑ
exist positive constant values Φ, Γ௠, Γெ, such that the following 
conditions are satfisied： 0 < Γ௠ < ,ݐ)݃ ,ݔ (ݑ < 	Γெ                  (26) −Φ ≤ ℎ(ݐ, ,ݔ (ݑ ≤ Φ                       (27) 
Then, a differential inclusion can be expressed as: ߪሷ ∈ [−Φ +Φ] + [Γ௠ Γெ]ݑሶ         (28) 

With the condition of  (26) and (27), a differential inclusion 
is obtained: ݏሷ ∈ [−Φ, Φ] + [Γ௠	, Γெ]ݑሶ                   (29) 

Thus, a control law based on a super-twisting algorithm 
(STA) can be designed as: ቊݑ = (ߪ)భమsign|ߪ|ߣ− + ሶݒݒ = sgn(σ)ߤ−                    (30) 

Where ߣ  and ߤ  are the design parameters that can be 
determined by the boundary conditions (26) and (27). In 
addition, the parameters can be chosen as following to make 
sure the sliding variable ߪ  can be converged to the sliding 
manifold in finite time: ߤ > ஍୻೘	, ߣଶ > ସ஍୻೘మ ୻ಾ୻೘	 ఓା஍ఓି஍                (31) 

B. Current tracking loop 
In the current tracking loop, two procedures are needed to 

design the ST-SMC. First, we need to choose a proper sliding 
surface where the system states are driven to zero. The second 
step is to design the control law, which brings the system states 
on the sliding surface and always keeps them stay in the sliding 
surface. 

 
Fig.5. Block diagram of the details of proposed RST-SMC. 
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First, the	sliding	surface	equations	for	the	current	control	are	defined	as:	 ఈߪ = ݅ఈ∗ − ݅ఈ ఉߪ (32)                                        = ݅ఉ∗ − ݅ఉ                                        (33) 

The control law is derived by introducing a candidate 
Lyapunov function as [43] : W = ଵଶ ఈఉߪఈఉ்ߪ > 0                                  (34) 

where ߪఈఉ = ்[ఉߪ	ఈߪ] . The time derivative of the above 
Lyapunov function is calculated as: ௗ୛ௗ௧ = ଵଶ ൬ߪఈఉ் ௗఙഀഁௗ௧ + ఈఉߪ ௗఙഀഁ೅ௗ௧ ൰ = ఈఉ்ߪ ௗఙഀഁௗ௧      (35) 

According to Eq.(1), (32) and (33), the time derivative of ߪఈఉ 
is expressed as: ௗఙഀഁௗ௧ = ௗௗ௧ ቂߪఈߪఉቃ = ൥ଓሶఈ∗ሶ + ௥௅ ݅ఈଓሶఉ∗ሶ + ௥௅ ݅ఉ൩ − ଵ௅ ൤ ௚ܸఈ௚ܸఉ൨ + ଵ௅ ൤ ௧ܸఈ௧ܸఉ൨      (36) 

Therefore, as long as choosing an appropriate positive value 
of  A and B in Eq.(37), the following ST-SMC in Eq.(37) makes 

sure 
ௗ୛ௗ௧ < 0. Hence, the system stability is guaranteed 

൤ ௧ܸఈ௧ܸఉ൨ = ቎−ߪ|ܣఈ|భమsgn(ߪఈ) − ܤ ׬ sgn(ߪఈ)݀߬௧଴−ܣหߪఉหభమsgn൫ߪఉ൯ − ܤ ׬ sgn൫ߪఉ൯݀߬௧଴ ቏         (37) 

In addition, in order to reject grid voltage disturbance and 
achieve zero steady-state reference tracking, the resonant term ஼௦௦మା(ఠ)మ is added in (37), the final designed RST-SMC strategy 

are shown in (38) and (39) in Laplace domain: 

௧ܸఈ(ݏ) = − ቂߪ|ܣఈ|భమsgn(ߪఈ) + (ఈߪ)sgnܤ ∙ ଵ௦ + ( ஼௦௦మା(ఠ)మ)ߪఈቃ  
(38) 

௧ܸఉ(ݏ) = − ൤ܣหߪఉหభమsgn൫ߪఉ൯ + ఉ൯ߪsgn൫ܤ ∙ ଵ௦ + ( ஼௦௦మା(ఠ)మ)ߪఉ൨  
(39) 

where parameters A and B are selected according to Eq.(28)-
(30). In addition, by assuming the Γ௠	 = Γெ	, the parameters for 

A and B are selected as: ܣଶ ≥ ܯ4 ஻ାெ஻ିெ, ܤ > ܯ , M  is upper 

bound of the grid voltage amplitude. Parameter C is designed 
based on the resonant controller’s design principle, a simple 
method to determine the parameter C is angular frequency 
squared times inductance [44]. 

Therefore, (38) and (39) indicate the dynamic behavior of the 
RST-SMC, the system disturbance is rejected by the resonant 
term, and the output current is compelled to follow the reference 
ac current by ST-SMC in the sliding surface with maximum 
stability. 

Fig.5 shows the block diagram of the proposed RST-SMC 
strategy. And the full control diagram, including the proposed 
RGPIO based control and RST-SMC strategy, is shown in 

 
Fig.6. Schematic diagram of the RGPIO based RST-SMC strategy for the three-phase AC/DC converter. 
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Fig.6. In the DC-link voltage regulation, an RGPIO based 
proportional controller is adopted to achieve both DC link 
voltage regulation and the load disturbance rejection; 
meanwhile, the inner loop RST-SMC strategy is implemented 
for the fast current regulation. 

In practical application, the current controller’s performance 
can be affected by the system parameter variation; therefore, 
(36) can be expressed as: 
 ௗఙഀഁௗ௧ = ௗௗ௧ ቂߪఈߪఉቃ = ൥ଓሶఈ∗ሶ + ௥௅ ݅ఈଓሶఉ∗ሶ + ௥௅ ݅ఉ൩ − ଵ௅ ൤ ௚ܸఈ௚ܸఉ൨ + ଵ௅ ൤ ௧ܸఈ௧ܸఉ൨ + ∆௅௅ ቈଓሶఈሶଓሶఉሶ ቉ (40) 

where ∆L represents the inductance’s parameter variation. In 
addition, considering that grid voltage disturbance is rejected 
and canceled by the resonant terms of the proposed controller, 
and if the positive control gains of A and B are set to be large 
enough, system stability can still be satisfied and expressed as ௗ୛ௗ௧ = ఈఉ்ߪ ௗఙഀഁௗ௧ = − ଵ௅ ఈఉ൯ߪఈఉหభమsgn൫ߪหܣ)ఈఉߪ ܤ+ ׬ sgn൫ߪఈఉ൯݀߬௧଴ − (ܪ < 0                     (41) 

where ߪఈఉ ∙ sgn൫ߪఈఉ൯ > ܪ ,0 = ଵܪ]  ଶ]்and is expressed inܪ

Eq.(42): 

൤ܪଵܪଶ൨ = ൥ଓሶఈ∗ሶ + ௥௅ ݅ఈଓሶఉ∗ሶ + ௥௅ ݅ఉ൩ + ∆௅௅ ቈଓሶఈሶଓሶఉሶ ቉                       (42) 

V. SIMULATION RESULTS 

This section provides simulation results obtained from the 
proposed control strategy and the standard control strategy. In 
this paper, the PI control strategy for the DC-link voltage 
regulation with a proportional resonant (PR) control strategy for 
the inner current regulation is adopted as the standard control 
strategy. The simulations are carried out in Matlab/Simulink 
with the AC/DC converter configuration shown in Fig.1. Table 
I shows the control parameters and the electric parameters of 
the converter.  

A. Operation under load resistance variation 

In this test, the sharp load resistance is changed from 1500Ω 
to 150 Ω to test the controller’s dynamic performance, Fig.7 
shows the simulation results for the proposed control strategy 
and the PI control strategy. It should be mentioned that both 
controllers are tuned to be the same bandwidth to have a fair 
comparison. It can be observed that although the PI control 
strategy can recover to the original voltage within 1s, it takes 
longer time than the proposed control strategy. The undershoot 
with the proposed control strategy is 30V. On the contrary, 60V 
of the undershoot is observed with the PI control strategy. 
Meanwhile, the transient current on the grid side presents a 
faster response with the proposed control strategy.  

 
(a) 

 
(b) 

Fig.7.Transient response of DC-link voltage and phase current. (a) DC-link 
voltage and phase current with PI control strategy, (b) DC-link voltage and 

phase current with the proposed control strategy. 

B. Operation with Current Command Step 
The second simulation assesses the current control strategy 

capability to provide a desired amount of reactive power. The 
reactive power command step is introduced from 0 to 1.6kVar. 
The system’s response is evaluated for both PR control strategy 
and the RST-SMC strategy. It can be found from Fig.8 (a) that 
when the reactive power step changes, the current in ߙ frame 
has an overshoot of 3A. On the contrary, Fig.8 (b) shows the 
current response when the same amount of the reactive power 
step changes, it is observed that the current almost does not 
cause overshoot with the proposed control strategy. 

 
(a) 
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(b) 

Fig.8. Transient response of the grid current in ߙ −  frame with the reactive ߚ
power step change (a) grid current with standard PR control strategy, (b) grid 

current with the proposed control strategy 

VI. EXPERIMENTAL RESULTS 

In order to verify the effectiveness of the proposed control 
strategy, an AC/DC converter illustrated in Fig.1 is built up in 
Fig.9, The system parameter is shown in Table I.  The sampling 
frequency is chosen to be 10kHz, the comparative experimental 
results are provided from the standard control strategy (outer 
loop PI control with inner loop PR control strategy) and the 
proposed control strategy, these control strategies are both 
controlled by dSPACE 1006 controller for comparison. The 
experimental results are shown in Fig.10-Fig.13 for both 
standard method and the proposed control strategy.  

 

A. Dynamic performance under load step change 
The dynamic performance of the standard PI control strategy 

and the proposed control strategy with the load disturbance are 
exhibited in Fig.10, where the external load is suddenly 
changed from light load (1500 Ω) to full load (150 Ω). For the 
DC-link voltage loop control, the voltage loop is usually chosen 
to be 0.05-0.2 times the bandwidth of the current loop in order 
to avoid the interaction of the voltage loop and the current loop 
and avoid the stability issue. And the current loop is usually 
chosen to be 0.1 times the bandwidth of the sampling 
frequency. Therefore, the voltage loop usually is chosen to be 
0.005-0.02 times the bandwidth of the sampling frequency. It 
should be noted that a very fast DC-link voltage is not 
necessary, as the DC-link capacitor is usually large, and 
consequently, the DC-bus voltage cannot rapidly be changed. 
In order to have a fair comparison, the bandwidth of both DC-
link voltage controllers are the same, and it can be observed that 
both control laws can achieve the DC-link voltage regulation. 
However, their dynamic performances are quite different. To be 
more specific, it is shown that with the PI control strategy, the 
DC link voltage has an undershoot of 60V, and it takes around 
1s to track the reference voltage after the load variation. On the 
contrary, as the disturbance caused by the load variation is 
actively canceled by the RGPIO, the DC link voltage dips 
around only 30V, and the recovery time is around 0.4s with the 
proposed control strategy. Fig.10 (c) and (d) show the phase A 
output current with the load variation. It is demonstrated that 
current with the proposed control strategy has a faster speed 
than the PI control strategy. In addition, it should be mentioned 
that the PI control strategy in the experiment works in the 

 
Fig.9. Experimental setup 

TABLE I.  SYSTEM PARAMETER 

AC/dc Inverter Parameters 

Filter inductor 1.8 ܮmH 

Inductor’s parasitic resistance 0.04Ω 

Sampling frequency  ௦݂ 10kHz 

DC link voltage 400V 

Grid RMS Voltage 120V 

DC-link capacitance 1100μF 

Control Parameters in RST-SMC 

Parameter A 35 

Parameter B 10000 

Parameter C 500 

PR Controller Parameters for comparison 

Proportional gain  35 

Resonant Controller 1000 

RGPIO Controller Parameter 

Proportional gain 20 

DC-link voltage controller with PI controller for 
comparison 
Proportional gain 0.2 

Integral gain 1 
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operating point, which does not cause the wind-up phenomenon 
in the system. If the overloading occurs in the system, due to 
the proportional controller, the proposed control strategy does 
not lead to the wind-up phenomenon; On the contrary, the PI 
control strategy has to add the anti-windup algorithm to prevent 
the windup [44, 45].  
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Fig. 10. Experimental results of the load variation （a) DC-link voltage with 

PI control (b) DC-link voltage with proposed control strategy (c) phase A 
current with PI control (d) phase A current with the proposed control strategy  

B. Dynamic performance under DC-link voltage 
increase 

The dynamic performance of the standard and the proposed 
control strategies are compared with the DC-link voltage 
demand variations. The comparison results are shown in Fig.11. 
It can be obviously seen that both methods can regulate the DC-
link voltage to the settling point. The DC link voltage steps up 
from 400V to 420V, and it takes 0.6s for the PI control strategy 
to reach a new steady-state. On the contrary, it only takes 0.3s 
to reach the same steady-state operating point, where the 
response time is reduced by 50%. It is noted that the proposed 
controller could achieve a faster dynamic response, which 
causes the active power reference overshoot to be larger than 
that of the PI control strategy, but the settling time of active 
power reference in the proposed control strategy is shorter than 
that in the PI control strategy. 
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Fig. 11. Experimental results for the DC-link voltage reference increase (a) 

DC-link voltage with PI control, (b) DC-link voltage with the proposed 
control strategy. (c) Active power with PI control (d) Active power with the 

proposed control strategy 

C. Current loop performance with current reference step 
change 
In order to verify the proposed current control strategy, the 

comparison between the PR control strategy and the proposed 
control strategy is tested. In order to observe the difference 
between these two control strategies, the current is transformed 
from the ߙ − ߚ  frame to the d-q frame. When the reference 
current in q-axis has a step change from 0A to 8A, it is observed 
in Fig.12 (a), in the PR control strategy, the q-axis current has 
an overshoot of 2A and the settling time is 5ms; meanwhile, this 
step change leads to the overshoot current of 1.7A in the d-axis. 
In contrast, the proposed control approach has an overshoot of 
1A with the settling time of dfda2ms (see Fig.12(b)). At the 
same time, the coupling influence of the proposed control 
strategy is almost the same as the PR control strategy. It is noted 
that if the excessive loading occurs, it may cause the output of 
the current controller to saturate. There are several ways to 
prevent the windup; one straightforward method is known as 
back calculation [46].  
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Fig. 12. Experimental results for the transient response with reactive power 

step-up (a) d-axis current with the standard control strategy, (b) d-axis current 
with the proposed control strategy. (c) q-axis current with the standard control 

strategy (d) q-axis current with the proposed control strategy 

D. THD of the current at the steady-state  
Fig.13 shows the comparison of the steady-state current with 

the reactive power command. It is observed that the proposed 
current control strategy has better performance, especially the 
5th and 7th harmonics are reduced compared with the PR control 
strategy. Furthermore, the current THD for the RGPIO-RST-
SMC strategy is 1.3% and 1.6% for the standard one. 

 
Fig.13. Experimental results of the steady-state current with reactive power 
command (a) current waveform for the PR control strategy; (b) current 

waveform for the proposed control strategy; (c) spectrum of the current with 
PR control strategy; (d) spectrum of the current with the proposed control 

strategy 

VII. CONCLUSION 

In this paper, an RGPIO based RST-SMC strategy was 
proposed for the three-phase AC/DC converter. By applying the 
proposed RGPIO based control strategy for DC-link voltage 
regulation, the system’s dynamic response under the 
disturbance was greatly improved, and the settling time was 
reduced compared with the traditional one. The proposed RST-
SMC current control strategy was proposed for the reference 
tracking in ߙ − ߚ  frame under the system parameter 
uncertainty. Experimental results showed the effectiveness of 
the proposed control strategy and demonstrated better 
performance compared with the standard control strategy.  
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